Background. Hypertension is associated with antivascular endothelial growth factor treatment, but the clinical implications of hypertension are uncertain. To assess the prognostic and predictive value of bevacizumab-related hypertension, a comprehensive analysis of whether hypertension and efficacy outcomes are associated was conducted on seven companysponsored placebo-controlled phase III studies of bevacizumab. Methods. Patient-specific data were available from 6,486 patients with metastatic colorectal, breast, non-small cell lung, pancreatic, and renal cell cancers. Primary hypertension endpoint was a blood pressure (BP) increase of Ͼ20 mmHg systolic or Ͼ10 mmHg diastolic within the first 60 days of treatment. Additional endpoints included other predefined thresholds of change in BP and severity of hypertension graded using the National Cancer Institute's Common Terminology Criteria for Adverse Events. To analyze the general prognostic importance of an early BP increase, multivariate Cox regression models were used to assess the correlation between BP changes and progression-free (PFS) and overall survival (OS) outcomes in the control groups. To analyze whether early BP increases could predict for benefit from bevacizumab, similar analyses were conducted in the bevacizumabtreated and control groups. Results. In six of seven studies, early BP increase was neither predictive of clinical benefit from bevacizumab nor prognostic for thecourseofthedisease.ForstudyAVF2107g,earlyincreasedBP was associated with longer PFS and OS times in the bevacizumab group but shorter OS time in the control group. Conclusions. Early treatment-related BP increases do not predict clinical benefit from bevacizumab based on PFS or OS outcomes. BP increases do not appear to have general prognostic importance for patients with advanced cancer. The Oncologist 2013;18:273-280 Implications for Practice: Treatment-related hypertension has been seen with multiple inhibitors of vascular endothelial growth factor (VEGF), including bevacizumab, when treating colorectal, non-small cell lung, renal cell, and brain cancers. Approximately 10%-20% of patients treated with bevacizumab develop grade 3 hypertension. While a qualitative association between hypertension and anti-VEGF therapy has been described, the clinical implications of this association have not been well studied. Current practice has no guidance on strategies related to maximizing hypertension as a strategy to increase patient benefit. There have been many speculations that patients should have their anticancer treatment adjusted to maximally increase blood pressure and/or that blood pressure should be left untreated. Here, a comprehensive analysis of hypertension and efficacy outcomes in seven large clinical studies involving 6,486 patients was performed to evaluate the prognostic and predictive value of bevacizumab-related hypertension. It was found that early treatment-related blood pressure increases do not predict clinical benefit from bevacizumab based on progression-free and overall survival. Blood pressure increases do not appear to have general prognostic importance in patients with advanced cancer. Blood pressure increase should not be used to individualize anticancer therapy; significant hypertension should not be left untreated.
INTRODUCTION
Treatment-related hypertension has been seen with multiple inhibitors of vascular endothelial growth factor (VEGF). Bevacizumab is an anti-VEGF monoclonal antibody approved for the treatment of colorectal cancer, non-small cell lung cancer (NSCLC), renal cell carcinoma (RCC), and glioblastoma cancer [1] [2] [3] [4] [5] [6] . Approximately 10%-20% of patients treated with bev-Correspondence: Herbert I. Hurwitz acizumab develop grade 3 hypertension, which is defined as requiring the initiation or adjustment of antihypertensive medications [3, [7] [8] . Elevations of blood pressure (BP) are usually easily managed with standard antihypertensive medications; in the context of the underlying malignant illnesses, hypertension is rarely clinically significant. The mechanism of anti-VEGF-induced hypertension appears primarily to be related to alterations in endothelial cell nitric oxide signaling [9] . Although a qualitative association between hypertension and anti-VEGF therapy has been described since the earliest trials of anti-VEGF therapies [3, 7-8, 10 -11] , the clinical implications of this association have not been well studied.
Most oncology trials report BP findings based upon the National Cancer Institute's Common Terminology Criteria for Adverse Events (NCI-CTC) ( Table 1 ). Blood pressure values and concomitant antihypertensive medications are not routinely recorded or monitored, which precludes analyses that would use BP values directly. Thus, in many clinical trials, the evaluation of treatment-related hypertension is driven primarily by the treating oncologist's judgment that their patient's BP required intervention. The possible predictive importance of elevations in BP that emerge with exposure to anti-VEGF treatment and their possible prognostic importance in the oncology clinical setting have not been well studied.
To evaluate the prognostic and predictive importance of bevacizumab-associated hypertension, we undertook a systematic and comprehensive review of all placebo-controlled phase III studies with bevacizumab conducted by Genentech or Roche that were completed by June 2009. Data from these studies were consistently collected and monitored, including BP values and all concomitant medications. The primary analysis was based on a documented patient-specific early in-crease in BP by Ͼ20 mmHg for systolic (SBP) or Ͼ10 mmHg for diastolic (DBP). Additional analyses were performed to explore alternative definitions of hypertension, including incremental thresholds for increases in BP and the NCI-CTC grade of a hypertension adverse event.
METHODS

Patients and Study Designs
All seven selected phase III studies were company-sponsored, placebo-controlled studies. Complete BP data sets were available for 6,486 patients. All data entries were monitored prior to database lock. The eligibility criteria, treatment regimens, statistical methods, and outcomes for all seven studies have previously been reported in the individual study reports [2, 4 -6, 12-14] . The treatment regimens studied, progressionfree survival (PFS) and overall survival (OS) outcomes, and incidences of hypertension are summarized in Table 2 [2, 4 -6, 12-14] .
Studies were conducted in patients with metastatic colorectal cancer (AVF2107g [2] , NO16966 [4] ), metastatic breast cancer (AVADO [13] , RIBBON-1 [12] ), metastatic NSCLC (AVAiL [6] ), metastatic pancreatic cancer (AViTA [14] ), and metastatic RCC (AVOREN [5] ). In six of the seven studies, the primary endpoint of either OS time (AVF2107g, AVOREN) or PFS time (NO16966, AVADO, RIBBON-1, AVAiL) was met; in one study with OS time as the primary endpoint (AVITA), only the secondary endpoint of PFS was met.
Blood Pressure Assessments
In all studies, BP measurements were specified to be performed on day 1 of each cycle before the administration of bevacizumab with cycle durations of 2 or 3 weeks. In study AVF2107g [2] , BP measurements were specified to be per- formed weekly. Timing of BP measurements and administration of treatment regimens were recorded in the case report forms. The method for measurement of BP was left to the discretion of the investigators and measurements were taken in accordance with the local standard of care. In patients with SBP Ն160 mmHg or DBP Ն100 mmHg, a repeat measurement was requested for confirmation at unscheduled visits. In those cases, the maximum value was used for this analysis. Measurements taken at visits not prespecified were not used for analysis because BP was generally not recorded. Only individual patient data from the locked efficacy and safety data sets for regulatory purposes were used for this analysis. Efficacy outcomes were PFS (determined using Response Evaluation Criteria in Solid Tumors) and OS times. Adverse events were graded according to the NCI-CTC (version 2 for AVF2107g and version 3 for all other studies; see Table 1 ).
Statistical Analyses
Initial exploratory analyses with scatter plots (data not shown) led to selection of an increase in SBP of Ͼ20 mmHg or DBP of Ͼ10 mmHg during the first 60 days of bevacizumab treatment as the primary endpoint. This threshold of BP increase was selected to minimize confounding due to diurnal changes in BP. The 60-day time frame was selected to minimize confounding related to duration of therapy, tumor response, modifications in BP medications, and variable surveillance times. Incremental changes in BP based on other thresholds (SBP Ͼ10, Ͼ30, Ͼ40 mmHg; DBP Ͼ5, Ͼ15, Ͼ20 mmHg, respectively) and by NCI-CTC grade were selected as secondary endpoints following precedents in hypertension and oncology literature. Treatment-associated changes in BP were compared among dose groups using Fisher's exact test for categorical data and Student's t test for continuous data. The prognostic importance of early hypertension was evaluated by correlating BP changes with PFS and OS in the control group. The medians for PFS and OS were estimated by the Kaplan-Meier method. Hazard ratios (HRs) with 95% confidence intervals and p values were derived by multivariate Cox regression models. Multivariate models included age (Ͻ65 vs. Ն65 years), sex, race (white vs. nonwhite), and predefined study-specific stratification factors in each study. The importance of early treatment-associated BP changes in predicting benefit from bevacizumab was then evaluated 
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RESULTS
Demographic and baseline disease characteristics of patients with and without an early increase in BP were well balanced at the lower cutpoints (increase in SBP Ͼ10/DBP Ͼ5 mmHg, or SBP Ͼ20/DBP Ͼ10 mmHg) such that the data distribution for cohorts of patients with and without an early increase in BP were similar (data not shown). Particularly at the highest cutpoint (increase in SBP Ͼ40/DBP Ͼ20 mmHg), there was an uneven data distribution for cohorts with versus without an early increase in BP (supplemental online data). The rates of onstudy death from any cause and of study discontinuation due to an adverse event were comparable for patients with and without an early increase in BP in all studies for all BP thresholds (data not shown).
The median treatment-associated change in SBP/DBP within the first 60 days of treatment was 10/6 mmHg for the bevacizumab groups and 8/5 mmHg for the control groups. Approximately 55% of patients had an increase in SBP Ͼ10 mmHg and/or DBP Ͼ5 mmHg at any time during the trials. Increases in SBP Ͼ40/DBP Ͼ20 mmHg occurred in 495 of the 6,486 patients (7.6%) included in this analysis. Hypertensive crises (NCI-CTC grade 4) were observed in eight patients in the bevacizumab groups and one patient in the control groups.
In two of the seven studies (AVADO [13] and AVAiL [6] ), patients were randomized between two different bevacizumab doses. No dose effect on the presence or severity of BP increase was noted in either study, with the exception of the BP threshold of 20/10 mmHg in AVAiL only ( Table 3 ). In that study, the lower dose of bevacizumab was associated with a slightly higher incidence of increased BP (37.4% vs. 30.0%; p ϭ .0531).
The role of an early increase in BP as a general prognostic factor across cancer types was evaluated by Kaplan-Meier estimates and as an independent prognostic factor by multivariate Cox regression models. These analyses were performed in the control groups of all studies for all BP thresholds. In six studies, HRs for PFS and OS were not significant at any cutoff point (Table 4 ). However, in study AVF2107g [2] , early increased BP was associated with shorter OS; in the Cox regression model, this association was statistically significant for cutoff points of Ͼ20/10 mmHg (HR: 1.36; p ϭ .02) and Ͼ30/15 mmHg (HR: 1.58; p ϭ 0.002). Results of the multivariate Cox models are presented in Table 5 .
To evaluate the role of an early increase in BP in predicting benefit from bevacizumab treatment, tests for interaction between early changes in BP and bevacizumab treatment with PFS and OS times were performed in a multivariate Cox model. The p values for early BP increase by treatment interaction for the primary cutpoint (increase in SBP Ͼ20/DBP Ͼ10 mmHg) and secondary cutpoints were not significant for the majority of the studies (Table 6 ). Study AVF2107g [2] was the only study with a significant interaction between early hypertension and PFS and OS outcomes. For PFS, the HR was 0.55 (p ϭ .0008) for patients with an early increase in SBP Ͼ20/DBP Ͼ10 mmHg; for OS, which was the primary endpoint of the study, the HR was 0.43 (p Ͻ .0001).
Analyses using an early increase in BP as an incrementally increased threshold and using an early increase in BP by NCI- CTC grade yielded results similar to the primary analyses (data not shown). Stratified univariate Cox regression models were used to assess whether hypertension at baseline would result in an improved general prognosis or a differential benefit from bevacizumab treatment. These stratified Cox analyses also found no association between early BP increase and clinical benefit from bevacizumab (data not shown). The incidences of selected adverse events of known association with bevacizumab are shown for each of the individual studies in the supplemental online data.
DISCUSSION
This analysis of 6,486 patients from seven phase III studies across multiple tumor types is the largest analysis to date evaluating the predictive significance of an early BP increase on clinical outcome in patients with cancer treated with a VEGF inhibitor and in patients with cancer in general. This analysis has the additional advantage of using data from large random-ized controlled trials with similar study designs and consistent data collection, including patient-specific BP values. In six out of seven studies, there was no indication that early hypertension was a general prognostic factor. Study AVF2107g-one of two studies in patients with metastatic colorectal cancerwas an exception: patients in the control arm with an early BP increase had significantly shorter OS times. Early treatment-related hypertension did not predict benefit from bevacizumab. This lack of predictive value was seen across all indications and at all cutpoints of early increases of BP, with one exception. Study AVF2107g [2] did show a significant interaction for PFS and OS outcomes for all cutpoints. This was the only study offering any indication that an early increase in BP might predict clinical benefit from bevacizumab.
Our combined analysis of seven phase III studies to explore the association between bevacizumab, an early increase in BP, and clinical outcomes in patients with cancer was performed ac- cording to a prospectively defined analysis plan and used individual patient BP and outcome data. However, the current analysis has several limitations. Although study endpoints were formally prespecified before analysis, this study remains retrospective, as the original studies were not designed to address BP-related questions. BP measurements were captured systematically before each dose of bevacizumab or placebo and these data were monitored. However, there is the potential for variability in several factors known to affect BP measurements, including the time of day, diet, volume status, disease burden, comfort and anxiety, and use of concomitant medications, including antihypertensive medications. Because the primary studies were large randomized controlled trials, most of these factors are likely to have been similarly distributed between the bevacizumab and control groups, although imbalances due to chance are possible. Use of BP medications was recorded on the case report forms; however, the dose used and frequency of administration were not recorded. Analysis of treatment-related changes in BP is subject to several confounders, including diurnal variation in BP and the effect of treatment on the tumor, which may in turn affect many modifiers of BP. To account for these issues and to ensure clinical relevance, the primary endpoint for this analysis was predetermined to be a change in SBP Ͼ20 mmHg or DBP Ͼ10 mmHg within the first 60 days of exposure to bevacizumab. In populations of patients without cancer, the recorded BP can vary by 10%-15% or more from visit to visit [15] . The reasons for this variability, approaches to minimize it, and its clinical implications have been extensively reviewed [15, 16] . The time frame of Ͻ60 days was intended to minimize confounding related to potential changes in BP medications and the effect of tumor response or progression, as well as variable observation times.
Hypertension is a complex medical condition that may be affected by many patient-related factors (e.g., age, diet, stress, activity, comorbid conditions, concomitant medications), and most of these factors can also be affected by cancer and anticancer treatments [17] [18] [19] [20] [21] . BP physiology is also com-plex, involving multiple organs and multiple effectors, such as renin, angiotensin, aldosterone, prostanoids, alpha-and betaadrenergic receptors, and nitric oxide [17, 19 -21] . Polymorphisms in several genes have been reported to potentially modify the risk of hypertension [22, 23] . Preclinical and clinical evidence suggests a primary role for endothelial nitric oxide synthase in anti-VEGF-related hypertension [9] . Polymorphisms in VEGF and VEGF receptor 2 have been implicated as potential candidate biomarkers to predict for benefit and/or the development of hypertension with bevacizumab [24] . The current analysis did not include pharmacogenomic or other biomarker analyses.
In the current analysis, there was no bevacizumab dose effect on BP within the dose ranges studied; that is, 2.5 and 5.0 mg/kg per week. The lack of dose effect is consistent with both doses being bioactive and being outside the linear range for any potential dose-response relationship. These limitations apply to many pharmacodynamic biomarkers. Another limitation is that single-timepoint, nonstandardized measurements based upon local clinical standards were used in this analysis for pragmatic reasons and for clinical relevance.
The primary goal of this study was to determine whether bevacizumab-related early increases in BP were associated with clinical outcome measured as PFS and OS. This analysis found that early treatment-related increases in BP were not of general prognostic importance. In addition, early treatmentassociated increases in BP did not predict for greater benefit from bevacizumab. These results were consistent across six of the seven phase III trials in five disease settings and across all primary and additional endpoints. In addition, these results were consistent when early BP change was analyzed using NCI-CTC grade. A favorable effect of increased BP in the bevacizumab group and an unfavorable effect in the control group were seen only in study AVF2107g. Because NO16966 was also conducted in the setting of first-line metastatic colorectal cancer with 5-fluorouracil based regimens, this finding most likely reflects statistical variability across the studies. The current analysis has the advantage of using BP values directly rather than NCI-CTC grade only. Our primary analysis used a cutpoint approach-that is, a predefined early increase from any baseline value-to ensure categories of hypertension would reflect precedents in the hypertension field and would be clinically applicable. The use of a maximum increase in BP during the first 60 days in our analysis-in contrast to a landmark assessment at day 60 -reduces the potential for confounding related to changes in disease status and changes in antihypertensive medications and other concomitant medications. Importantly, our secondary analyses using BP as an incrementally changing variable were consistent with the primary analysis. Nevertheless, a predictive relationship between changes in BP and clinical outcomes cannot be excluded by our analysis. It is possible such an effect could be noted with more precise BP evaluations, in other disease settings, or with other VEGF inhibitors.
The lack of predictive importance for hypertension with bevacizumab in our report is at odds with other reports in the literature [25] [26] [27] [28] [29] [30] [31] . Recently, reports of retrospective analyses in two phase III studies-the E4599 study of carboplatin and paclitaxel with or without bevacizumab in NSCLC, and the CALGB 90206 study of interferon with or without bevacizumab in RCC-indicated an association between increased BP and clinical benefit from bevacizumab [25, 31] . These cooperative group studies used NCI-CTC grade of hypertension and not patient-specific BP values. In the current report, no association between change in BP and clinical outcome was seen in either the NSCLC study [6] or the RCC study [5] , including when NCI-CTC grading was used in the analysis. These differences may be explained by trial-to-trial variability and by differences in the levels of data capture and monitoring, which were more intensive in the current analysis.
The lack of correlation between increased BP and clinical benefit suggest that BP should be regularly monitored and carefully managed, particularly if patients have other risk factors for cardiovascular or cerebrovascular disease [32, 33] . Multiple classes of antihypertensive agents have been used successfully for the treatment of bevacizumab-related hypertension. Our data argue against strategies that individualize patient dosing of bevacizumab based upon treatment-related hypertension [34] .
In conclusion, in this large retrospective analysis, treatment-related increases in BP were not associated with an improved general prognosis nor with a predicted benefit from bevacizumab. These findings also highlight the limitations of using BP as a pharmacodynamic marker of anti-VEGF therapy and the importance of using patient-specific BP values in analyses of treatment-related hypertension. Lastly, bevacizumab has the tendency to increase BP and significant increases should be clinically managed.
